The transcapillary escape rate of albumin (TER alb ), i.e., tbe fraction of intravascular mass of albumin that passes to the extravascular space per unit of time, was determined from tbe disappearance of intravenously injected "M-labeled human serum albumin during the first 60 minutes after injection in 10 subjects with chronic right heart failure. The investigation was repeated after sodium and water depletion. Before treatment TER alb was significantly elevated (mean 8 3 ± 1.6% (SD)/hour, in comparison to values for normal subjects (mean 5.4 ± 1.1%/hour, P < 0.001). With treatment TER., b decreased significantly (mean 5.9 ± 1.2%/hour, P < 0.01). Right atrial pressure decreased from an average of 10 mm Hg to 6 mm Hg during treatment. A statistically significant, positive correlation was found between TER alb and right atrial pressure [r -0.77, P < 0.001). Our results best can be explained by increased filtration, mainly through the venous end of the microvasculature, due to the increased venous pressure in heart failure.
THE FINDING of a normal or low protein concentration in edema fluid from subjects with congestive heart failure (CHF) has led to the conclusion that the protein permeability of the capillaries is normal or reduced and thus of no importance in relation to the formation of cardiac edema. 1 -2 However, the use of qualitative, nonkinetic methods to study a dynamic process, viz., the escape of proteins from plasma into the interstitial fluid, is highly questionable. 3 Kinetic methods have yielded conflicting results concerning the microvascular -protein permeability in CHF; some have found a decreased permeability,* some a normal permeability,* and others have reported a markedly elevated protein permeability.'- 7 Recently we found the transcapillary escape rate of albumin (TER., b ), the fraction of intravascular mass of albumin that passes to the extravascular space per unit of time, to be significantly increased and this change to be accompanied by increases in central venous pressure during acute plasma volume expansion in man.' This condition simulates heart failure because intravascular volume is enlarged and filling pressures of the ventricles are elevated.
The aim of the present study was to measure the transcapillary escape rate of albumin before and after diuretic treatment of subjects with right heart failure.
Methods
The study comprises 10 patients with chronic heart failure referred for hemodynamic investigation. Clinical data are presented in Table 1 . All patients except patient 3 were on maintenance treatment with digoxin. Five (patients 1, 5, 6, 8, and 10) received thiazide diuretics at the time of admission. For two of the patients (nos. 5 and 6) the diuretic therapy was stopped I week before the first investigation. Then a potent diuretic (bumetanide, 2 mg daily) was given and the second investigation was carried out after I or 2 weeks when the patients no longer were losing weight. All the patients had clinical signs of right-sided failure with liver enlargement and intermittent or constant peripheral edema. Three patients (nos. 1, 3, and 8) had gross edema and ascites at the time of their first examinatiion. No patient but no. 7 had hypertension. None had diabetes mellitus or any major IV  II  II  II  HI  III  II  III  II  II   1  2  3  4  5  6 The day before the determination of TER H | b , the patients underwent a right-sided heart catheterization according to the routine of our cardiovascular laboratory. 8 The investigative procedure and the theoretical basis for calculation of TER Hlb from the initial disappearance rate of labeled plasma albumin has been described in detail previously. 10 " Briefly, the patients were studied in the morning after fasting for at least 12 hours and after resting for 30 minutes in the supine position. Human serum albumin labeled electrolytically with ' " I (code MIAK, Institute for Atomic Energy, Kjeller, Norway) was used. This tracer preparation contains less than 1.0% free radioactive iodide and has been demonstrated by metabolic studies to behave like endogenous albumin.''' " About 5 ^Ci of the tracer was used for the first investigation and about 20 fid for the second. The tracer was injected into one arm vein, and nine venous blood samples, each of 6 ml, were drawn from the other arm 10, 15, 20, 30, 35, 40, 50, 55 , and 60 minutes after injection. TER,| b w a s determined as the rate constant of the practically monoexponential decrease in plasma specific activity during the first 60 minutes after injection as calculated by the least squares method.
Plasma volume was determined by extrapolating the plasma disappearance curve of tracer albumin to zero time and the injected volume of tracer was measured by weighing. Plasma albumin concentration was measured by the method of Laurell." Intravascular mass of albumin equals plasma volume times plasma albumin concentration.
The TER«| b values were compared with those obtained for 28 normal adults by exactly the same techniques. 3 For statistical analysis, Wilcoxon's test for paired and unpaired observations was used.
Results
The results of the hemodynamic investigations are given in Table 2 . All subjects had markedly elevated pulmonary artery wedge pressures and right atrial pressures at the first examination. During sodium depletion the pressures decreased significantly (P < 0.001) and a few became normal. Cardiac index was low and did not change significantly during therapy. Table 3 demonstrates that TER K , b was markedly elevated during the first investigation. The average was 8.3 ± 1.6% (SD)/hour in comparison to normal values' that average 5.4 ± 1.1%/hour (P < 0.001). The treatment caused a significant reduction in TER Hlb ; the average value was 5.9 ± 1.2%/hour(P < 0.01). This did not differ statistically from the control value (P > 0.10). Figure 1 illustrates a significant positive correlation between TER,,| b and right atrial pressure (r = 0.77, P < 0.001).
Plasma volume decreased significantly after treatment (P < 0.05). Plasma volume and intravascular mass of albumin were markedly enlarged in the two subjects with constrictive pericarditis.
Discussion
All the subjects presented here had CHF, but with differing etiology. However, for each the hemodynamic state was characterized by elevated pressures in the right side of the heart and, in most cases, by a low cardiac index when the subject first was examined. The hemodynamic changes after partial relief of the decompensation-pressure reduction with virtually unchanged cardiac output-are in agreement with an earlier report on the treatment of chronic heart failure. 18 Our present finding of an increased TER with CHF clearly differs from previous findings of a normal 8 or even a relatively reduced TER« lb 4 in CHF. For this reason, the clinical condition of the subjects, and all crucial elements of the investigative procedures should be critically analyzed before the results of a study of this sort are interpreted. A prerequisite for obtaining correct results concerning endogenous TER. lt , is that the organism does not distinguish between labeled and endogenous albumin. In a recent detailed discussion of the metabolic properties of the tracer we used it was concluded that the metabolic behavior of the tracer was satisfactory." Rosset al. 4 found in normal subjects a fractional catabolic rate of albumin of 19% of the intravascular mass per 24 hours, compared to a normal value of 8-l0%/24 hours in all recent reliable studies (review by Rossing"). This finding clearly indicates denaturation of the tracer albumin used by Ross et al. 4 Moir et al. 5 used tracer albumin prepared by fractionation in an alcohol-ether system, a procedure now known to cause denaturation of the albumin." This conclusion is strengthened by their finding of a value for TER a , b in normal subjects of 7.6%/hour, 18 which is higher than those reported in later studies (Table 4 ). Both findings suggest denaturation of the tracer albumin used by this group. 8 
-"
Even though Ross et al. 4 used a denatured tracer albumin preparation, they found a TER a | b value of only 2.6%/hour in normals; this is nearly half the value obtained in several other studies (Table 4 ) and also by calculation of values for TER H | b from multicompartment exponential analysis of long-term plasma albumin disappearance curves. The most likely explanation of this discrepancy is that Ross et al. had only few experimental data for the initial part of the long-term plasma disappearance curves. The scarcity of early data tends to bias the calculations in the direction of underestimation of TER a l b "
To calculate TER a!h from the initial plasma disappearance, as was done in the study by Moir et al. s and in the present one, it must be assumed that the tracer disappearance from plasma during the first 60 minutes after injection can be described as a monoexponential function, with a rate constant equal to that at zero time. Theoretically, this assumption is never fulfilled because there is a lymphatic return of tracer albumin during the period of investigation. Under normal conditions this back-transport is negligible, as has been discussed previously. 10 But back-transport of tracer albumin may be of importance for the determination of TER H , h in CHF, because of increased resistance to hepatic outflow which increases the hepatic lymph and protein transport." In addition, studies on animals have clearly demonstrated that the liver is the main source of "early" lymphatic backflux of tracer albumin. 23 This will tend to cause an underestimate of the true value for TER n , b and induce a systematic curvilinearity in the initial plasma disappearance curves in CHF. However, a semilogarithmic plot of the initial plasma disappearance revealed no detectable signs of this curve form, either in the study by Moir et al. s or in our present one. Unfortunately, it is not possible to make a correct comparison between the present TER H , b values and those obtained by Moir et al. or Ross et al., because no information about the clinical condition of the subjects or pressure data were given in their reports. This is crucial because normal TER,, b values also were found in our study after sodium depletion in spite of slightly elevated right atrial pressures.
The present finding of an increased TER H , b is in agreement with the demonstration of a marked increase in lymph flow and protein transport through the thoracic duct in subjects with chronically elevated central venous pressures due to constrictive pericarditis' and various types of CHF. 7 -'* Furthermore, albumin clearance from subcutaneous tissue is elevated in CHF. 15 -2 * Thus it seems fair to conclude that increased microvascular protein escape is present in CHF with increased right atrial pressure. In this connection it is of interest to mention that acute plasma volume expansion, as well as venous pressure elevation, induce an increased microvascular protein escape in animals and man (see review by Parving et al. 8 ).
The value for TER H , h was found to correlate significantly with right atrial pressure in this study. As a simple explanation one might suggest an increased filtration rate of plasma albumin due to an increase in the transmural hydrostatic pressure difference, particularly in the venous end of the microvasculature, which is the most permeable part of the microvasculature. 27 2> Even under normal conditions, filtration may well be the dominant transport mechanism for the overall transcapillary escape of albumin, as discussed by Lassen et al. 2 ' In addition, venous pressure elevation can stretch the pores between the endothelial cells in the microvasculature." 1 -" However, this phenomenon does not seem to be operative in our study because we found a slope that decreased with increasing right atrial pressure. Pinocytosis also might explain the increased TER Hlb if the ad hoc assumption is made that this process is pressuredependent. Electronmicroscopic observations show no evidence of an increased number of pinocytotic vesicles 12 -3> during elevated capillary pressure. However, this does not rule out the possibility of a shortened transit time for the vesicles.
The increased TER n , b found in our study might be explained by an increased contribution to the albumin escape from highly permeable organs such as the liver. However, the abovementioned studies on lymph and subcutaneous clearance in CHF*-7 -"• 2 *-" and the investigations on animals with acute venous pressure elevation 10 -"• " strongly support the occurrence of increased microvascular protein escape in nearly all organs except the brain in CHF.
The increased TER., b in CHF must, other factors being equal, contribute to the formation of edema by increasing the interstitial albumin concentration and colloid osmotic pressure. However, it is documented that the albumin concentration is very low in cardiac edema fluid, indicating that the water flux is even more increased than loss of albumin from the intravascular space. As it appears, the interstitial colloid osmotic pressure is lowered in CHF, counteracting the increased intravascular hydrostatic pressure, as discussed by Aukland," but this edema-preventing mechanism is reduced as a result of the increased TER., b .
In the two subjects with constrictive pericarditis plasma volume and intravascular mass of albumin were grossly enlarged. The explanation of this gross volume expansion in constrictive pericarditis is unknown. However, it seems attractive to combine the abnormal volume regulation in such subjects with malfunction of cardiac stretch receptors, which in other cases of CHF might antagonize the mechanisms for intravascular fluid retention.
